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The transcription factor Math1 has been shown to be critical in the formation of hair cells (HCs) in the inner ear. However, the influence of
environmental factors in HC specification suggests that cell extrinsic factors are also crucial to their development. To test whether extrinsic factors
impact development of Math1-null (Math1β-Gal/β-Gal) HCs, we examined neonatal (postnatal ages P0–P4.5) Math1-null chimeric mice in which
genotypically mutant and wild-type cells intermingle to form the inner ear. We provide the first direct evidence that Math1-null HCs are able to be
generated and survive in the conducive chimeric environment. β-Galactosidase expression was used to identify genetically mutant cells while cells
were phenotypically defined as HCs by morphological characteristics notably the expression of HC-specific markers. Genotypically mutant HCs
were found in all sensory epithelia of the inner ear at all ages examined. Comparable results were obtained irrespective of the wild-type component
of the chimeric mice. Thus, genotypically mutant cells retain the competence to differentiate into HCs. The implication is that the lack of the
Math1 gene in HC precursors can be overcome by environmental influences, such as cell–cell interactions with wild-type cells, to ultimately
result in the formation of HCs.
Published by Elsevier Inc.Keywords: Environmental interactions; Knock-out; Cochlea; Vestibule; Transcription factor; Chimera; DifferentiationIntroduction
The cells of the inner ear serve the functions of hearing and
balance and have provided an interesting system to study cell
commitment during development. The two cell types found in
the sensory epithelium of the inner ear are the hair cell (HC) and
the supporting cell (SC). Multiple steps are involved in HC
development, including proliferation and fate selection, initial
differentiation, maturation and maintenance. Fate selection and
differentiation are thought to result from complex cell–cell
interactions including lateral inhibition, where one HC inhibits
its neighboring cells from also becoming HCs (Goodyear et al.,
1995; Lanford et al., 2000). Similarly, reciprocal interactions
between HCs and SCs are required for development of both cellAbbreviations: β-Gal, β-galactosidase; EGL, external granular layer; GT,
globin transgene; HC, hair cell; N, number; P, postnatal; SC, supporting cell.
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doi:10.1016/j.ydbio.2007.02.028types (Fekete and Wu, 2002). All these interactions require a
number of molecular and cellular signals, including transcrip-
tional regulation (Bryant et al., 2002).
Math1, a basic helix–loop–helix transcription factor, has been
shown to be a positive regulator of HCs in the inner ear. Initial
evidence demonstrated that no HCs are found in inner ears of
embryonic Math1-null (Math1β-Gal/β-Gal) mice (Ben-Arie et al.,
2000; Bermingham et al., 1999). Additionally, over-expression of
Math1 in postnatal inner ears converts non-sensory cochlear cells
into new HCs in vitro and in vivo (Izumikawa et al., 2005;
Kawamoto et al., 2003; Zheng and Gao, 2000). Taken together,
this evidence supports the conclusion that Math1 is required for
HC differentiation (Woods et al., 2004). However, the specific
role ofMath1 has been refined by recent studies that suggest that
Math1 plays a lesser role in HC fate determination. For example,
at the protein level, Math1 is expressed in the epithelium only
after the progenitor cells have exited from the cell cycle (Chen et
al., 2002), a time point of initial HC differentiation (Zheng and
Gao, 1997). Furthermore, Math1 is not necessary for the
expression of HC markers such as Myosin VIIa, Brn-3c,
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al., 2004; Rivolta et al., 2002). Additionally, bdnf, a molecule that
is normally expressed in HCs at E16 and older (Farinas et al.,
2001), is expressed in cells in the Math1-null inner ear
demonstrating that Math1 is not required for its expression
(Fritzsch et al., 2005). These data suggest that Math1 plays a
more restricted role in HC differentiation (Chen et al., 2002;
Fritzsch et al., 2005; Hassan and Bellen, 2000) although its exact
role is still unclear.
One of the more interesting aspects of inner ear development
is that cell–cell interactions are essential in the formation of
both HCs and SCs (Gao, 2003). Thus, it is of interest to
determine the effect of interactions between genotypically wild-
type cells and genotypically Math1-null HCs. One of the
difficulties is that crucial cell–cell interactions occur during the
embryonic period, a time that is not easily accessible in the
mouse. A second problem is that the end-points of these
interactions must be observed during postnatal life and Math1-
null mice die shortly after birth (Ben-Arie et al., 1997). To
circumvent these problems, we generated and examined
chimeric mice in which a Math1-null and a wild-type embryo
were aggregated to form a single embryo. In these chimeric
mice, the cells of the two genotypes intermingle so the effects of
mutant cell interactions with wild-type cells can be examined.
Chimeric mice made with wild-type embryos of different strains
and using different methodologies to identify the mutant cells
were examined to ensure that the detection of any surviving
mutant cells was not an artifact of a particular technique or
chimeric combination. Furthermore, Math1-null chimeras
survive postnatally (Jensen et al., 2004) permitting examination
at time points when HC maturation is more complete. Postnatal
examination is critical to assess whether the chimeric environ-
ment truly allows for the survival of genotypically mutant cells
or whether this environment simply delays cell death as has
been suggested by Chen et al. (2002) and Fritzsch et al. (2005).
In this study, we demonstrate that genotypically Math1-null
HCs are present in the chimeric inner ear up to postnatal day 4,
the oldest age examined in this study, and therefore can be
generated and survive in the presence of wild-type cells.Fig. 1. Genotypic determination of Math1-null chimeric mice. The cells
containing the lacZ reporter gene (Math1β-Gal/β-Gal or Math+/β-Gal cells) were
stained by β-Gal histochemistry and turned blue (arrows in panel A) on the red
background counterstained with neutral red. Blue cells were microdissected
from the epithelium and analyzed in groups of 2–5 cells (arrows in panel B). The
Math1 genotype was determined using PCR (C). A 1 kb molecular marker was
used to determine the size of the bands in the PCR products. Lane 11 shows the
wild-type genotype which has only the 288 bp band while Lane 10 shows the
Math1-null control genotype which has only the 344 bp band. Lanes 1–7 are
from chimeras #1–3, 8, 9, 13 and 14, respectively, which are shown to be
genotypically mutant based on the presence of only the 344 bp band. Lanes 8
and 9 are from chimeras #16 and 17 which are genotypically heterozygous based
on the presence of both bands. Scale bar=50 μm.Materials and methods
Mice and production of experimental mouse chimeras
All mice used in the present study were maintained at the University of
Tennessee Health Science Center (UTHSC) animal care facility according to
guidelines of the UTHSC Animal Care and Use Committee. The original stock
of Math1+/β-Gal mice was provided by Dr. H. Zoghbi at the Baylor College of
Medicine (Bermingham et al., 1999). Chimeric mice were generated using
published methods (Goldowitz, 1989; Hamre and Goldowitz, 1997). In brief,
heterozygous Math1 males and females were mated to obtain homozygous
embryos (Math1-null or Math1β-Gal/β-Gal). The non-mutant component of the
chimeras came from one of five sources: C57BL/6J, BALB/c, B6CBAF1, ICR,
or transgenic mice with a PBR-globin insert (globin transgene) (Lo et al., 1987).
Identification of Math1β-Gal/β-Gal↔+/+ chimeras
The mating of heterozygous Math1 mice to produce homozygous mutant
chimeras also resulted in a predicted 1/4 wild-type and 1/2 heterozygousembryos and chimeras. Thus, it was necessary to genotype the Math1
component of each chimera. In Math1β-Gal/β-Gal↔+/+ chimeras, several
cerebellar abnormalities were found (Jensen et al., 2004) as described in the
Results, and used to determine that the Math1 component was genotypically
Math1β-Gal/β-Gal.
In addition, PCR from dissected cells (β-Gal positive, see below) was used
to confirm the Math1-null genotype. β-Gal positive cells within the sensory
epithelia of inner ears of Math1+/β-Gal (n=2) or Math1β-Gal/β-Gal chimeric (n=7)
mice were microdissected using fine tip glass pipettes (Figs. 1A, B). Unstained
cells from a wild-type, or Math1β-Gal/β-Gal mouse were used as controls. From
each mouse, 5–8 groups of cells (2–3 cells in each group) were harvested,
incubated with 10 ul of lysis buffer (Arcturus, Mountain View, CA), and
analyzed for the Math1 genotype using PCR as previously described (Jensen et
al., 2002) except with 8 additional cycles because of the low copy number
(Fig. 1C).
Histology
Chimeras were perfused with physiologic saline followed by paraformalde-
hyde-lysine-periodate or acetic acid/95% ethanol (1:3) fixative. Temporal bones
were collected from the chimeras at P0, P2.5 and P4.5. Temporal bones from
non-chimeric wild-type, Math1+/β-Gal, Math1β-Gal/β-Gal and GT mice were used
as controls. The temporal bones were decalcified in 10% EDTA for 3–7 days.
The majority of the chimeric inner ears were embedded in paraffin and sectioned
in the horizontal plane at 6 μm. An additional group of chimeras
(Math1↔BALB/c and Math1↔B6) and non-chimeric control mice (P2.5 and
4.5) were cryosectioned in the horizontal plane at 10 μm.
Double labeling of mutant HCs with β-Gal histochemistry and HC
markers
Temporal bones collected from chimeras made with BALB/c, ICR,
B6CBAF1 or B6 embryos and from control mice were incubated with β-Gal
staining solution. Tissue to be embedded in paraffin was stained in situ prior to
embedding while cryosectioned material was stained with β-Gal after
sectioning. β-Gal-stained sections were subsequently stained with the specific
HC markers anti-calretinin IgG (Swant, Bellinzona, Switzerland, Dechesne et
al., 1994; Zheng and Gao, 1997) at a dilution of 1:100 or anti-myosin VIIa IgG
Table 1
Chimera number, age at sacrifice and genotype of each chimera examined in this
study
Chimera number Age at sacrifice Genotype
1–3 P0 Math1β-Gal/β-Gal↔B6CBAF/1
4–5 P0 Math1β-Gal/β-Gal↔BALB/c
6–7 P0 Math1β-Gal/β-Gal↔GT
8 P2.5 Math1β-Gal/β-Gal↔ICR
9 P4.5 Math1β-Gal/β-Gal↔B6
10–12 P4.5 Math1β-Gal/β-Gal↔GT
13–14 P4.5 Math1β-Gal/β-Gal↔ICR
15–18 P0 Math1+/β-Gal↔BALB/c
19–20 P2.5 Math1+/β-Gal↔ICR
21–22 P4.5 Math1+/β-Gal↔GT
23–24 P4.5 Math1+/β-Gal↔B6
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dilution of 1:25 using standard avidin–biotin immunocytochemical procedures
with diaminobenzidine as chromagen for light microscopic analyses.
Double immuno-labeling of mutant HCs with anti-β-Gal IgG and HC
marker
Selected cryosections from inner ears of the P2.5 chimeric mouse, as well as
sections from age matched Math1+/β-Gal chimeric, Math1+/β-Gal and wild-type
mice, were processed for fluorescence immunocytochemistry. The sections were
incubated with goat anti-myosin VIIa IgG (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) at a dilution of 1:20 and rabbit anti-β-Gal IgG (Cortex
Biochem, San Leandro, CA) at a dilution of 1:25. Secondary antibodies were
Alexa Fluor 594 donkey anti-goat IgG (Molecular Probes, Eugene, OR) and
CY™2 conjugated Affinipure donkey anti-rabbit IgG (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA). The sections were viewed with an
Olympus confocal microscope.
DNA in situ hybridization to label wild-type cells
DNA in situ hybridization was used to identify wild-type cells in
Math1β-Gal/β-Gal↔GT and Math1+/β-Gal↔GT chimeras as previously described
(Goldowitz, 1989; Hamre and Goldowitz, 1997). Inner ears from GT transgenic
and wild-type mice were used as controls in this analysis. The sections were
counterstained with methyl green. Labeled cells have a dark blue precipitate in
their nucleus while the nuclei appear green.
Phalloidin labeling of stereocilia on HCs
Stereocillia grow on the apical surface of HCs during the late differentiation
period (Gao, 2003). To investigate whether mutant HCs have stereocilia,
phalloidin was used to mark the stereocilia of HCs and anti-β-Gal
immunostaining was used to demonstrate cell genotype in the inner ears of
P2.5 mutant chimeric and non-chimeric controls (a heterozygous and a wild-
type mouse). Selected cryosections were incubated overnight with rabbit anti-β-
Gal IgG (Cortex Biochem, San Leandro, CA) at a dilution of 1:15. The
secondary antibody was CY™2 conjugated Affinipure donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). After the
immunostaining, the sections were stained with rhodamine-conjugated
phalloidin (Molecular Probes, Eugene, OR) at a dilution of 1:35 for 30 min.
The sections were viewed using an Olympus confocal microscope.
Results
Cerebellar phenotype and PCR analysis identify genotypically
Math1β-Gal/β-Gal↔+/+ chimeras
In the cerebellum of postnatal Math1β-Gal/β-Gal↔+/+ chi-
meras, only wild-type cells populate the external granular layer
(EGL) and the cerebellum exhibits regions that lack an EGL
resulting in abnormal foliation. In contrast, Math1+/β-Gal↔+/+
chimeric mice have a normal cerebellar phenotype (Jensen et al.,
2004). An altered cerebellar morphology and absence of an EGL
are evidence of the presence of genotypically Math1β-Gal/β-Gal
cells in the chimeras. Previous work has shown that the expected
ratio of 1 out of 4 chimeras having a mutant component was
obtained (Jensen et al., 2004). Twenty-four chimeric mice were
classified based on cerebellar morphology and used in the
present study: 14 Math1-null and 10 Math1+/β-Gal control
chimeras (Table 1).
Individual β-Galactosidase (β-Gal)-positive blue cells were
dissected out for PCR analysis to confirm the results of
cerebellar phenotype analysis. The PCR genotyping of theMath1 component was confirmed in 9 chimeric mice (7Math1-
null chimeras and 2 Math1+/β-Gal chimeras). Analysis of
microdissected cells (Figs. 1A, B) was conducted on Math1-
null chimeras 1, 2, 3 (P0), 8 (P2.5), 9, 13 and 14 (P4.5), and on
Math1+/β-Gal chimeras 16 and 17 (P0). The 7 chimeras that were
classified as Math1-null using cerebellar morphology had the
mutant band in the PCR reaction while the 2 classified as
heterozygous contained both bands in the PCR reaction (Fig.
1C). Thus, the PCR reaction confirmed the genotype inferred
using cerebellar morphology in chimeras at multiple ages from
P0 to P4.5.
Genotypically Math1 mutant cells survive in the inner ears of
Math1β-Gal/β-Gal↔+/+ chimeras as shown using β-Gal
histochemistry and immunocytochemistry
Math1mutant cells express β-Gal under theMath1 promoter
(Ben-Arie et al., 2000; Bermingham et al., 1999). Therefore, in
the inner ears ofMath1β-Gal/β-Gal↔+/+ chimeric mice made with
C57BL/6J, BALB/c, ICR or B6CBAF1 wild-type embryos,
mutant cells were demonstrated by β-Gal histochemical staining
(Oberdick et al., 1994). These mutant cells have blue staining
either throughout the cell soma as seen at P0 (Figs. 2G–N) or in a
perinuclear location as seen in animals at P4.5 (Figs. 3A–D). At
this postnatal age, Math1 RNA expression is decreasing
(Shailam et al., 1999; Zheng et al., 2000), and consequently,
diminished β-Gal staining is found in the inner ears at this age.
β-Gal-positive cells are found intermixed with unlabeled wild-
type cells in the inner ears of chimeras (Figs. 2G–L, N and 3A–
D). These cells were present in both the SC (asterisk in Figs. 2I,
L) and HC layers providing evidence that both types of mutant
cells are able to survive in the chimeric environment.
An anti-β-Gal antibody was also used to immunocytochemi-
cally label the genotypically mutant cells in the chimeric inner
ear. β-Gal immunopositive cells were found intermixed with
wild-type cells in chimeric inner ears (Figs. 4O, R and 5G, I) in
a manner equivalent to that found using β-Gal histochemistry
providing further evidence for the survival of these cells.
Several controls were included to ensure the specificity of
the β-Gal labeling for both the β-Gal histochemistry and in the
examination of anti-β-Gal immunocytochemistry. First, cells
from wild-type non-chimeric mice were examined and shown to
Fig. 2. Comparison of the inner ears of Math1-null chimeras and of control mice at P0. Examples from the cochlea (left column), macula (middle column) and crista
(right column) are shown in rows 1–4. All sections were stained with β-Gal and anti-calretinin antibody. In wild-type mice, HCs are labeled only with the anti-
calretinin antibody (arrows in panels A–C). In Math1-null mice, there are no calretinin or β-Gal labeled HCs (D–F). Examples of HCs double-labeled with anti-
calretinin and β-Gal, and thus mutant, are found in theMath1-null chimeras (G–L). Double-labeled individual HCs (arrows in panels J–L) are found in the inner ear of
Math1-null chimeras, while the SC processes located between the HCs remain unlabeled (J, K). β-Gal positive staining is occasionally found in the SC layer and in this
situation, β-Gal positive SC processes are observed (asterisk in panel L). Heterozygous chimeras exhibit patterns of intermingled unlabeled wild-type and labeled cells
(N) that is similar to that seen in mutant chimeras while all HCs are double labeled in the inner ear of heterozygous non-chimeric mice (M). As shown in panel L, the
immunolabeling is visible through the light blue β-Gal labeling and thus, double-labeled HCs appear darker and greenish where the labels overlap. Neurons of the
spiral ganglion are also labeled with anti-calretinin antibody (arrowheads in panels A, D, G). Scale bar=50 μm (in panel G for panels A, D and G; in panel H for panels
B, E and H; in panel I for panels C, F and I; in panel O for panels J–L and O, in panel N for panels M and N).
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all cells in the HC layer were β-Gal-positive in heterozygous
non-chimeric mice (Figs. 2M and 5D, F). Second, heterozygous
chimeras exhibited patterns of intermingled unlabeled wild-type
and labeled cells (Figs. 2N, 3A, B and 4G–L) that were similar
to that seen in mutant chimeras.The presence of genotypically Math1 mutant cells is confirmed
using an alternative labeling technique
Additionally, an alternative marking system was used in
the GT (globin transgene) chimeras to insure that the results
were not an artifact of using β-Gal to identify mutant cells.
Fig. 3. Examples of P4.5 Math1-null chimeric and control mice. Panels A–D
show HCs in P4.5 mice where β-Gal histochemistry was used to mark the
genotypically Math1-null or Math1+/β-Gal cells and myosin VIIa immunocy-
tochemistry was used to identify HCs. Double-labeled mutant HCs are shown
in the cochlea (arrows in panel A), and in the crista (arrows in panel B) of
Math1+/β-Gal chimeras. Similarly double-labeled HCs are also found in the
cochlea (C) and crista (D) of Math1-null chimeric mice. Panels E–H show
examples of DNA in situ hybridization where labeled cells possess an obvious
dark blue/purple dot within the nucleus while the nuclei appear green due to
counterstaining with methyl green. The GT probe marks the wild-type HCs
(arrowheads in panels E–H), while the mutant HCs remain unlabeled (arrows in
panels E–H). All HCs are labeled with DNA in situ hybridization in GT control
mice (E), while no HCs are labeled in wild-type mice (F). Examples of
genotypically mutant cells are shown in the macula (G) and crista (H) ofMath1-
null chimeric mice at P4.5. Scale bar=50 μm (in panel D for panels A–D, in
panel H for panels E–H).
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in situ hybridization (Fig. 3E). In this combination, GT-
negative, and therefore mutant HCs were present in the inner
ear of the Math1β-Gal/β-Gal↔GT mice at P0 (data not shown)
and P4.5 (Figs. 3G, H). Thus, similar results were obtained
from these different procedures and chimeric combinations:
genotypically mutant cells were able to survive in the
chimeric environment demonstrating that wild-type cells
of varying genotypes can promote the survival of mutant
cells.Expression of HC-specific markers demonstrates the survival
and differentiation of mutant HCs in the inner ears of
Math1β-Gal/β-Gal↔+/+ chimeric mice
All chimeric, as well as heterozygous and wild-type
controls, exhibit indistinguishable morphologies with HCs
found in defined locations: one row of inner HCs and three
rows of outer HCs in the cochlea (Figs. 2A, G, J, 3A, C and 4C,
I) and a single superficial layer in the cristae and maculae of the
utricle and saccule (Figs. 2B, C, H, I, K–N and 3D–H). All
identified HCs, of any genotype, exhibit the characteristic flask
or cylinder shape. To further assess whether these cells were
HCs, Math1β-Gal/β-Gal↔+/+ chimeric mice as well as controls
were examined from P0 to P4.5 (Table 1) using several HC
markers. At P0, calretinin immunopositivity was seen in all
HCs in the vestibule, all inner HCs and most outer HCs in the
cochlea, and all neurons in the spiral ganglion of wild-type
mice (Figs. 2A–C). However, no calretinin immunopositivity
was found in the epithelium of the inner ear from a non-
chimeric Math1-null mutant mouse at this age (Figs. 2D–F). At
P0, β-Gal histochemical labeling completely fills the HC and is
typically slightly more extensive than the immunolabeling (Figs.
2J–L). In P0Math1β-Gal/β-Gal↔+/+ chimeric mice, genotypically
mutant, calretinin-positive blue HCs were present in the cochlea
and all vestibular sensory organs while wild-type HCs were only
labeled with the anti-calretinin antibody (Figs. 2G–L). Thus,
analysis of P0 chimeric mice demonstrates that mutant HCs were
present in the chimeric inner ear.
To determine if Math1-null HCs can survive past P0,
chimeric mice were examined at postnatal ages P2.5 and P4.5.
At these ages, a HC specific marker, myosin VIIa, labels all
HCs in the cochlea and in the vestibular end-organs of wild-type
mice (Figs. 4A, D). Double-labeled mutant HCs, with β-Gal
histochemical staining or with anti-β-Gal antibody immunos-
taining, were found throughout the inner ear of the Math1-null
chimeras at these ages (Figs. 3C, D and 4O, R). At these ages,
Math1 expression and concomitantly the β-Gal expression, was
decreased and thus the overlap with the immunostaining is
incomplete (Figs. 3A–D and 4G–R). Similar HC β-Gal labeling
in mutant and heterozygous chimeras was observed with a
second HC specific marker, calretinin, at P2.5 (data not shown).
These results demonstrate that mutant HCs can survive and are
differentiating appropriately in the chimeric environment at
least until P4.5.
To provide an initial examination of stereocilia outgrowth
in the genotypically mutant HCs, genotypically mutant and
wild-type cells in the P2.5 chimera were analyzed and
compared with heterozygous and wild-type non-chimeric
controls. In this analysis, an anti-β-Gal antibody was used to
label the Math1+/β-Gal cells (arrows in Figs. 5D, F) and
Math1-null cells (arrows in Figs. 5G, I) while the wild type
cells were unlabeled (Figs. 5A, C, asterisks in G, I). Phalloidin
was then used to label the stereocilia (Bartolami et al., 1991;
Li et al., 2004). Phalloidin labeled stereocilia are found on
both wild-type and mutant cells in the inner ears of the P2.5
Math1-null chimeric, as well as in control mice (arrowheads
in Fig. 5). Furthermore, the cuticular plates are also labeled by
Fig. 4. Examples of Myosin VIIa and β-Gal immunolabeling in HCs in Math1-null chimeric and control mice at P2.5. Images in column 3 (anti-myosin VIIa/anti-β-
Gal) are the merged images from column 1 (anti-myosin VIIa) and column 2 (anti-β-Gal). Myosin VIIa is used to label HCs while β-Gal is used to detect cells that are
missing at least one copy of the Math1 gene. HCs are labeled only with the anti-myosin VIIa antibody in the cochlea (C) and crista (F) of wild-type mice. Double
labeled HCs are shown in the cochlea (arrow in panel I) and crista (arrow in panel L) of Math1+/β-Gal chimeric mice to demonstrate the pattern of intermingling
observed in chimeric mice. In Math1-null chimeras, double-labeled mutant cells (arrows in panels O and R) are found intermixed with wild-type cells which are
labeled only with anti-myosin VIIa. Double-labeled mutant HCs are shown in the cochlea (arrows in panel O) and crista (arrow in panel R) in the mutant chimeras. The
tangential plane of section in panels M–O results in two layers of HCs being visible and the lack of a full view of the HC cytoplasm. Green fluorescence has been found
on top of most wild-type and mutant HCs (arrowheads in panels B, E, H, K, N and Q), suggesting an autofluorescence from sterocillia and cuticular plates. Scale
bar=50 μm (in panel O for panels A–C, G–I and panels M–O). Scale bar=15 μm (in panel R for panels D–F, J–L and panels P–R).
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Fig. 5. Examples of phalloidin-positive stereocilia in the inner ears of P2.5Math1-null chimeric and control mice. The images in column 3 (anti-β-Gal/phalloidin) are
the merged images from column 1 (anti-β-Gal) and column 2 (phalloidin). An anti β-Gal antibody labels cells that are missing at least one copy of the Math1 gene
(genotypically heterozygous or mutant cells) while phalloidin is used to label stereocilia on HCs. No β-Gal labeled cells are found in the crista (A–C) of a wild-type
mouse although the stereocilia and cuticular plates have nonspecific green fluorecence (A). All cells in the HC layer are positively labeled by the anti β-Gal antibody in
crista of a Math1+/β-Gal mouse. Phalloidin stained stereocilia are found on both wild-type and Math1+/β-Gal cells in these control mice (arrowheads in panels B, C, E
and F). In crista of theMath1-null chimeric mouse, phalloidin stained stereocilia (arrowheads in panels H and I) are found on β-Gal positiveMath1-null cells (arrows
in panels G and I) as well as on β-Gal negative wild-type cells (asterisks in panels G and I). Phalloidin stained cuticular plates are also found in the Math1-null HCs
(open arrowhead in panel H) as well as in the wild-type and Math1+/β-Gal HCs (open arrowheads in panels B and E). Scale bar=15 μm.
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et al., 1991; Li et al., 2004). Importantly, the mutant cells also
possess this HC specific structure (open arrowhead in Fig.
5H). This provides evidence that the genotypically mutant
cells possess normal stereocilia and thus appear able to
undergo terminal differentiation.
Mutant HCs are present in all sensory organs of the inner ears
of Math1β-Gal/β-Gal↔+/+ chimeras
All 6 sensory organs of the inner ear appear phenotypically
normal in Math1β-Gal/β-Gal↔+/+ mice suggesting that the
Math1-null component in the chimeras did not affect inner ear
development. Within the cochlea, Math1-null HCs were found
at all turns (Figs. 2G, 3C and 4O). In the maculae and the cristae
ampullaris, mutant HCs were found in both peripheral and
central regions (Figs. 2H, I and 3D, G, H). Similar results were
obtained from chimeras of different ages ranging from P0 toP4.5. Thus, HCs that lack a functional Math1 gene were found
throughout all sensory organs of the chimeric inner ear with no
obvious restriction in their localization.
Further, the Math1-null HCs were often gathered in a cluster
of two or more cells, irrespective of chimeric combinations or
percentages (Figs. 2H, I, K and L). The pattern of like-genotype
HCs in clusters was found throughout all sensory organs in the
inner ear of the Math1+/β-Gal↔+/+ chimeras at P0 (Fig. 2N) to
P4.5 (Figs. 3B and 4I). Preliminary analysis suggested that the
size of the clusters was equivalent between heterozygous and
null chimeras. Thus, the gross morphology and distribution of
cells in null chimeras are indistinguishable from the hetero-
zygous chimeras. In large clusters of mutant cells, there are
genotypically mutant HCs that appear to have no direct contact
with wild-type HCs (data not shown). However, conclusive
determination of both size of clusters and necessity of wild-type
contacts requires more in-depth analyses using serial sections or
whole mount preparations.
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Our examination of Math1β-Gal/β-Gal↔+/+ chimeric mice
demonstrates that Math1-null HCs are able to differentiate and
survive given the presence of non-mutant cells. As Math1-null
HCs in chimeras express the appropriate HC markers, myosin
VIIa or calretinin, these cells are at least partly able to
differentiate appropriately. Furthermore, the detection of geno-
typically mutant HCs in chimeric mice demonstrates that these
HCs are able to survive at least until P4.5 in the chimeric inner
ear. Finally, survival of these mutant HCs is not dependent on the
genotype of the non-mutant component of the chimera as wild-
type contributions from five different genotypes give the same
result. Furthermore, the presence of stereocilia on the mutant HCs
provides preliminary evidence that Math1 mutant HCs can
undergo terminal differentiation in the chimeric environment.
The question arises: why are mutant HCs generated in the
chimeric inner ear but not in the Math1-null inner ear? Two
possible explanations exist that are consistent with the results of
the present study. One possibility is thatMath1 is necessary in the
initiation of HC differentiation, but once initiated, differentiation
can proceed without Math1 (Woods et al., 2004). In the Math1-
null mice, the Math1-null progenitors fail to produce the
necessary inductive and inhibitory signals that are involved in
the cycle of interactions between developing HCs and SCs that
result in HC differentiation, and thus HCs fail to form. An
additional outcome of the abortive cycle would be that the normal
development of SCs is also disrupted or delayed as has been
recently shown (Woods et al., 2004). The wild-type cells in the
chimeric inner ear can produce these signals and initiate the
cycle. As a consequence, cell–cell communications are renewed
and appropriate development of mutant HCs occurs. This
explanation is consistent with transfection studies in adult
animals (Izumikawa et al., 2005; Kawamoto et al., 2003;
Zheng and Gao, 2000) where given the correct cues nonsensory
cells are able to become HCs. This suggests that it is the cycle that
is defective in the mutant, not the intracellular signaling pathway.
An alternative possibility is that HCs may begin the initial
steps in the differentiation process within the cochlear epithelium
of Math1-null mice but fail to complete the differentiation
process and thus do not survive. Support for this comes from
studies showing the existence of β-Gal positive cells that have
the characteristic shape of HCs in the cochlea ofMath1-null mice
(Fritzsch et al., 2005) as well as the presence of significant levels
of apoptotic cell death occurring in the same basal-to-apical
gradient found in normal development (Chen et al., 2002;
Fritzsch et al., 2005). Loss of ability to differentiate and survive
may be caused by the lack of inductive and inhibitory signals,
which are necessary for normal HC differentiation (Woods et al.,
2004). These signals may be also required for preventing the
undifferentiated HCs from undergoing apoptotic cell death.
However, in the chimeric inner ear, wild-type cells are
intermingled with Math1-null cells. These wild-type cells can
deliver the signals to the mutant cells and allow these mutant cells
to finish differentiation and survive.
The results presented here point to the conclusion that
Math1-null progenitor cells in the inner ear have thecompetence to differentiate into HCs, suggesting that the
molecular pathway(s) that allow a progenitor to differentiate as
a HC remain intact in the Math1-null cells. A potential, but
unlikely, mechanism is that a separate pathway exists that is
capable of inducing HCs. A more likely scenario is that one of
the downstream targets ofMath1 (such as Mbh1in CNS, Saba et
al., 2005) is turned on in the Math1-null cells and the pathway
of HC differentiation begins at this step. This target must be
capable of being activated via cell–cell interactions, which are
mediated in the HC system to a significant degree by the Notch
signaling pathway (Kiernan et al., 2001; Lanford et al., 1999;
Zheng et al., 2000; Zine et al., 2000).
Further studies will be conducted to address a number of
intriguing issues that are raised by the current study. First, while
we see no obvious morphologic characteristics (e.g. gaps) of
HC depletion in Math1β-Gal/β-Gal↔+/+ mice, it is unknown
whether there is complete rescue of the Math1-null cells or an
overrepresentation of wild-type HCs. An example of this latter
scenario was found in the cerebellum of chimeric mice made
with meander tail mutant embryos where wild-type granule
cells outcompeted mutant granule cells in the formation of the
cerebellum (Hamre and Goldowitz, 1997). Second, at present
the fate of these cells is unknown and it is unclear whether
mutant HCs differentiate fully, function normally or survive a
normal lifespan. The difficulty in addressing these issues is due
primarily to the lack of an adequate marking system for
identifying genotypically mutant cells after the down-regulation
of Math1 at approximately P4. This will be overcome in future
studies through the use of a breeding protocol such that the
embryos from the Math1 parents will express green fluorescent
protein throughout development and at maturity. Third, the
molecular mechanism of this rescue is completely unknown.
Expression of molecules (such as Math1 downstream targets-
Brn3c (Xiang et al., 1998), Barhl1 (Li et al., 2002) and Gfi1
(Wallis et al., 2003), Notch pathway and its effector genes—
Hes1 and Hes5) in the Math1 mutant HCs isolated from the
Math1-null chimeric mice will provide information to identify
these mechanisms.
In summary, we provide the first direct evidence that
genotypically mutant Math1 HCs are able to be generated and
survive in an environment that contains non-mutant cells in the
inner ear of chimeric mice. These results clearly demonstrate
that genotypically mutant cells retain the competence to
differentiate into HCs. However, the role of Math1 remains
incompletely understood although one possibility is that it is an
essential initiator of HC specification that functions by
beginning the cycle of induction and lateral inhibition. In the
chimeric environment, it is likely that genotypically wild-type
cells, that possess Math1, are able to provide the appropriate
interactions allowing for the formation of HCs of either
genotype.
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